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1. Introduction 

 
Non-destructive diagnostics methods have been extensively developed for relativistic or 

mildly relativistic electron beams to determine the electron beam transient and thus the pulse 
shape and width1, the beam  temporal and spatial velocity, and  current (energy) distributions2-4. 
The beams that are of interest in this work are produced by 2 keV electrons and have been 
extensively used for material processing applications like thin film deposition, etching, nitriding, 
polymer metallization and more recently polymer and graphene functionalization 5-7. However, 
in order to understand the observed material modifications precise characterization of the beam 
current density and energy depositions, plasma densities and electron temperatures are needed. In 
previous studies, Langmuir and frequency probes, and mass spectroscopy 8-11 were applied to 
characterize the electron temperature and plasma density, ion flux and ion energy respectively. 
However, application of probes pertubate the beam and thus non-destructive diagnostics methods 
represent an attractive alternative. Furthermore, the generation of excited species in electron 
beam-generated plasmas had not been investigated and thus guided by the earlier theoretical 
analyses, the goals of this work are: (1) to identify the excited species in argon, oxygen, nitrogen 
and Ar/O2 and Ar/N2 mixtures using optical emission spectroscopy (OES), and (2) to evaluate 
the suitability of OES as a diagnostic for determining both the spatial profile of electron beams 
and variations in neutral gas density.  

Optical emission spectroscopy is based on analyzing the light emitted by neutral or 
ionized atoms, radicals, or molecules which have been electronically excited by collisions with 
energetic electrons, and the technique is widely used as a diagnostic in plasma processing12, 13.  
OES can be used for excited species characterization, photon flux determination as a function of 
wavelength, for actinometry, and as a diagnostic for electron beams. Advantages of using optical 
emission spectroscopy include (i) OES is non-intrusive;  (ii) A large excitation cross section 
produces a strong signal;  (iii) Emission from optically allowed states is insensitive to beam 
energy. (iv) A short lifetime makes for good temporal response and fewer complications from 
quenching. (v) A large excitation energy minimizes the excitation caused both by “plasma” 
electrons and radiative cascade. (vi) Data interpretation is direct and easy when quenching and 
photon re-absorption (within the medium and outside) are weak; both effects can be included if 
necessary, however.  

It should be noted that the emission spectrum obtained in electron beam-generated plasmas is 
largely independent of electron temperature and thus cannot be used for its determination.  
Furthermore, while much theoretical work has been done in this area14-19 with some discussion of 
experimental results,20, 21. Detailed comparisons between theory and experiments are generally 
lacking.  By contrast, application of OES to conventional discharges in pure argon, oxygen and 
nitrogen and their mixtures is well established.22-26 

 
 
 
 

________________
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2. Optical emission spectroscopy fundamentals  

 
Interpreting the emission spectrum requires identifying the routes to excitation. The emission is 
detected as bands, lines and continuum emissions 27.The band emission results from the decay of 
excited molecular ions or neutrals into different rotational and vibrational levels, and the 
processes that lead to band emission are  

(1) Direct excitation and ionization (e.g. First Negative Band of N2
+ ) 

e + A2  (A2
+)* + e 

(2) Direct excitation (e.g. First and Second Positive Band of N2 ) 
e + A2  A2* + e 

(3) Vibrational excitation (e.g. nitrogen ) 
e + A2  A2

 + e 
(4) Chemiluminescence (infrared NO emissions) 

B* + A2  AB + A 
Here A2 is a molecule, A is an atom, A2* is an electronically molecule, A2

 is a vibrationally 
excited molecule, (A2

+)* is an excited molecular ion, B* is an excited atom, and AB is a 
vibrationally excited molecule. 

Line emission occurs through the decay of excited atoms and atomic ions. These excited 
states are produced by 

(1) Direct excitation  
e + A  A* + e 
e + A+  (A+)* + e 

(2) Dissociative excitation 
e + A2  A* + A + e 

(3) Dissociative ionization with excitation 
e + A2  A* + A+ + 2e 
e + A2  A + (A+)* + 2e 

(4) Dissociative recombination of molecular ion with charged species 
e + AB+  A + B*  

(5) Radiative and collisional recombination 
e + A+  A* + h 

3. Theoretical model 

 
In this report the particle-in-cell simulation PLUME code8 was used.  PLUME follows 

the beam electrons and the daughter electrons created by ionization in both space and time, until 
their energy falls below a cutoff, nominally 10 eV.  Only binary collisions between electrons and 
ground-state neutrals are treated, and therefore processes like electron-electron collisions are 
ignored. This approach is well justified provided the degree of gas ionization and excitation is 
very low.  Given this model, the following conditions hold:  

 
1. Gas excitation rates are determined by the beam current Ib and beam energy Eb, with 

little or no dependence on the plasma electron density ne or temperature Te. 
2. The ratio of any two rates is largely independent of Ib, Eb, ne  and Te provided 

a. The initial beam energy exceeds 1 keV 
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b. The excitation energies satisfy Wi > 5Te 
 

Below 1 keV the structure of the cross sections becomes more complicated, while below 5Te the 
contribution from the plasma electrons can no longer be ignored. 
 

a) Volumetric light emission intensity 
 

The volumetric intensity at which excited species i emits light is given by  
 

i
i i

dn
P h

dt
 , 

 

where hi is the photon energy and dni/dt is the production rate of every state. The emission 
reaches the value given by the formula within a few radiative lifetimes i after the start of the 
beam. It should be noted that this formula accounts only for direct excitation of state i by the 
beam. PLUME does not follow excited species after they are created. However, for light emitted 
from a state i with frequency k having more than one decay path, the volumetric intensity is 
given by 

1

1
ki k i

k
qi

q

h dn
P

dt

 






 
   
 
 


, 

where the sum over q includes all possible decay paths. However, regardless of the source, each 
state i is produced from gas constituent j at a volumetric rate given by  
 

1 ji

i

dEdn

dt dt
 , 

 

where dEj /dt is the volumetric rate at which gas constituent j absorbs energy at a given point in 
space and i is the mean energy per state. Thus, knowing that for a given gas the energy of the 
emitted photons is almost constant, the most important factor that influences production rate of 
each state and the light emission intensity is the mean energy per state i  - the production 
efficiency varies inversely with i for each state. The latter is discussed in the following section 
in more detail because its proper understanding is critical for the following data interpretation 
and comparison between theory and experiment. 

b) Mean energy per state  
 

As mentioned above, the excitation, ionization and gas dissociation processes can be 
characterized in terms of the mean energy i needed to create a given state. The mean energies 
are nearly constant for high energy beams28 (> 1 kV) but not for discharges. For example, the 
electron energy 0 needed to create an electron–ion pair is 36 eV in nitrogen and 28 eV in 
oxygen. These values are slightly more than twice the ground state ionization energies, and thus 
approximately half of the beam energy is spent on ionization. Moreover, the mean energy is 
approximately 30 eV in all gases, independent of beam current and energy. 
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The fact that the mean energies i are nearly constant for high energy beams is well 
known but rarely explained. The underlying reason can be found in the Born-Bethe collision 
model, which applies when incident electrons have kinetic energies exceeding 30Wiz  500 eV, 
where Wiz is the ionization energy of the target molecules. Electrons (vpe) satisfying this 
conditions have much higher velocities then the bound atom electrons (vae) (vpe>>vae), so the 
bound electrons can be treated as free and at rest. At this condition, the energy transferred to the 
bound electron is depends on the primary electrons characteristics, i.e. their charge (ze) and 
velocity (v), the number of atoms per unit volume (N) (gas density) but most importantly on the 
number of bound electrons (Z) per atom as shown in the formula below: 

 

4  

 
where B is a ratio of the maximum to minimum impact factors and because B is in the logarithm 
it is of negligible importance29. Thus, the number of the bound valence electrons rather than the 
atom structure determines the total energy loss. The importance of valence electrons on the total 
electron energy loss is also discussed by Fridman and Kennedy30. However, how the energy is 
lost, i.e. how the energy is distributed among the specific ionization and excitation channels will 
be determined by the specific atomic gas structure. Most of the electron energy of the primary 
electrons goes primary into creating ions and thus high-energy secondary electron population, 
i.e. high-energy tail of the electron energy distribution f(), is produced. It should be noted that 
part of the electron energy is spend on gas dissociation and excitation and most of the optically 
allowed excited states are produced by the high energy electrons as well.  

The unnormalized electron energy distribution from PLUME (averaged over all space) 
obtained when electron beam passes through a different media (nitrogen, oxygen, argon and two 
gas mixtures) is shown in Figure 1. The distributions are similar down to 20 eV, with minor 
differences in pure oxygen and pure argon. Oxygen lacks electronic states between 6.1 and 12.1 
eV, while the model used for Ar excludes all ion states above 15.76 eV. The lack of electronic 
states below 11.55 eV in argon explains the sharp rise in f() seen below 20 eV. The sudden fall 
at 11.6 eV occurs because PLUME does not follow electrons below that energy. However, in all 
cases the population of low energy electrons  < 10 eV, f() = 107 is the highest. These electrons, 
with energies lower than the ionization potential (Wi) are called plasma electrons. They are the 
ones that determine the plasma properties – electron temperature, plasma potential and plasma 
density. The electrons with energies higher than the Wi that can further ionize and excite the gas 
are termed secondary electrons. Their population is several orders of magnitude lower than the 
plasma electrons. 
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Figure 1. Electron energy distribution function for pure nitrogen, oxygen, argon and N2/O2/Ar 
mixtures with two mixture concentrations:  75 %, 15 %, 10 % and 33.3 %, 33.3 %, 33.3 %. The 
initial beam energy is 2 kV. 
 
 
 

 
 
Figure 2.  Ionization and excitation cross sections in argon. A denoted allowed excited state and 
F denotes forbidden excited state. 
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c) Cross sections 

 
Cross section is a fundamental quantity that characterizes each collisional process between high 
energy electron and a “target” gas particle. Detailed studies of electron energy deposition in 
specific gases requires a complete set of cross sections for electron impact excitation and 
ionization of constituent species over a wide energy range of the incident electrons. Ionization 
and excitation cross sections of allowed and forbidden states in argon are shown in Figure 2. It is 
obvious that the cross sections are a strong function of electron energy. The cross sections for 
optically allowed states and ionization fall off similarly with energy above a few hundred eV, so 
the fraction of energy going into each of these states is nearly constant, as is i. The cross 
sections for optically forbidden states fall off faster with energy, so the mean energy per state is 
more sensitive to the low energy portion of electron energy distribution f(). And because the 
atomic structure strongly affects f() at low energy, i depends more strongly on gas 
composition. The dependence is the strongest for states having the fastest falloff in energy, and 
for those states i can be treated as constant only if the gas composition is fixed and Wi > 5Te.  
 Excellent collections of cross sections for electron collisions with N2, O2, O, N, O+, N+ 
have been compiled by A. W. Ali31 and R. D. Taylor32. It should be noted that usually excitation 
cross sections are measured at low energies and finding a proper way to extend a cross section to 
high energies e.g. 1 keV is not trivial. There are a number of formulas used for extension of 
ionization cross sections to high energies, but Bethe formula32 is the most commonly applied ( 
 lnE/E). For optically allowed and forbidden states of oxygen atoms Drawin’s formulas have 
been applied and the coefficients needed for the cross sections estimations have been published 
by Slinker14. However, as noted by A. W. Ali31 caution is needed for the cross section extension 
of every forbidden states. He has shown that for the excited states of nitrogen molecules the rate 
of cross section decay at high energies is different. Ali31 suggests that for energies above 40 eV 
the cross sections of A3, B3 states can be extended using the E-3 dependence, for the C3 state 
the dependence is E-2.2 and the singlet states a1, a, w1 can be extended using the E-1 
dependence. The reports also discuss the uncertainties in cross sections measurements. 

An example of uncertainties in cross section estimation is shown in Figure 3 in the case 
of argon for two of the most important excited argon neutral states 2p9 (13.08 eV) and 2p1 
(13.48 eV) responsible for the 811.5 nm and 750.4 nm emissions respectively. In PLUME 
Bretagne’s cross sections were used and they are shown in the appendix. It should be noted that 
Bretagne et al.17 modeled electrons beams in argon using an extensive set of inelastic cross 
sections,16 but only results for certain states were published. As a comparison, the cross sections 
recommended by Hayashi,33 Phelps,34 and Boffard35 are plotted as well. As is evident, the 
discrepancies in the cross sections for the 13.08 eV state are large, although in all cases, the cross 
sections for the 13.48 eV state are higher. The mean energies i depend on the cross sections, and 
therefore uncertainties in the latter produce similar uncertainties in i.  
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Figure 3. Comparison of cross sections for 13.08 eV and 13.48 eV states responsible for 811 nm 
and 750 nm lines respectively based on data by Bretagne, Hayashi, Phelps, and Boffard. 

 

d) Theoretical results 

 
Results from two sets of simulations are reported here, at initial beam energies of 2 and 

20 keV. However, since the values obtained for the mean energy per state i differed by less than 
5 %, only one value is given in the Tables IIV, rounded off to 10 % for simplicity. The mean 
energy 0 per electron-ion pair equals the reciprocal of the sum over i

-1 for all types of ions, 
including some not shown in the tables.

 

i. Nitrogen and Oxygen 

 
For the runs in nitrogen and oxygen the cutoff energy was lowered from 10 eV to 5 eV. 

The results for pure nitrogen are given in Table I, while those for pure oxygen summarized in 
Table 2. Unlike nitrogen, oxygen contains electronic states below 5 eV. Although PLUME 
computes i for these states, the values are not listed because the actual values depend on ne and 
Te.  That is, the plasma electrons contribute to the emission unless Te  0.2 eV. Included in the 
Tables I-IV are the excitation energy Wi (eV), the radiative lifetimes i(s), the wavelengths 
i(nm) of the emitted light, the mean energy per state I (eV) and the production efficiency i = 
Wi/i.   
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Table I. Theoretical results for nitrogen (0 = 36 eV) for an initial beam energy of 2 keV 

Transition 
 

Lifetime 
i (s) 

Wavelength 
i (nm) 

Excitation 
energy 
Wi (eV) 

Mean energy 
per state 
i (eV) 

Production 
efficiency 
i (-)

Nitrogen molecules (N2) 

A3X1g 13 293.0 6.17 210 0.029 
B3 A3 7.5x 10-6 1045 7.35 230 0.032 
W3X1g 6.5 208.0 7.36 310 0.024 
B’3 B3 3 x 10-5 1524 8.16 1100 0.007 
C3 B3 4.5 x 10-8 337.1 11.0 620 0.018 
E3 A3 300 255.3 11.9 31,000 0.0004 
a’1 A3 0.7 177.1 8.39 1300 0.006 
a1X1g 10-4 155.2 8.55 430 0.019 
a1a’1g 7.7 x 10-3 8252    
w1a1 6.6 x 10-4 3578 8.89 1200 0.007 

a”1   12.2 3300 0.004 
Nitrogen ions (N2

+) 
X2   15.6 110 0.14 
A2   16.6 100 0.17 
B2X2 6.6 x 10-8 391.4 18.8 310 0.06 
 
 

Table II. Theoretical results for oxygen (0 = 28 eV) for an initial beam energy of 2 keV 

Transition Lifetime 
i(s) 

Wavelength   
i (nm) 

Excitation 
energy 
Wi (eV) 

Mean energy 
per state 
i (eV) 

Production 
efficiency 
i (-) 

Oxygen molecules (O2) 
a1X3 3.8 x 103 1.27 mkm 0.98   
b1X3 12 762 1.63   
c1+A,3+A3 0.09 243-306 4.70   
B3X3 5 x10-7 200 6.10 43 0.14 
B3O* + O 5 x10-11     
Oxygen ions (O2

+) 
X3   12.1 140 0.09 
a4   16.1 84 0.19 
A2   16.9 405 0.04 
b4a4  10-6  600 18.2 240 0.08 
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Table III. Theoretical results for argon (0 = 27 eV) for an initial beam energy of 2 keV 

Transition Lifetime 
    i(s) 

Wavelength   
i (nm) 

Excitation 
energy 
Wi (eV) 

Mean energy 
per state 
i (eV) 

Production 
efficiency 
i (-) 

4s(3/2)2 1S0 40 107.8 11.55 680* 0.017 
4s(3/2)1 1S0 8.4 x 10-9 106.7 11.62 480 0.024 
4s’(1/2)o 1S0 50 105.8 11.72 5600 0.002 
4s’(1/2)1 1S0 2 x 10-9 104.8 11.83 140 0.085 
4p(1/2)1 4s (3/2)1,2 18, 5.3 x 10-8 965.8, 912.3 12.91 6400 0.002 
4p(5/2)3 4s (3/2)2 3 x 10-8 811.5 13.08 5400 0.002 
4p(5/2)2 4s (3/2)1,2 4.7, 11 x 10-8 842.5, 801.5 13.09 5900 0.002 
4p(3/2)1 4s (3/2)1,2 40, 1.9 x 10-7 810.4, 772.4 13.15 8200 0.002 
4p(3/2)2 4s (1/2)1,2 20, 4.1 x 10-8 922.4, 763.5 13.17 6800 0.002 

4p(1/2)0+4p’(3/2)1 
7.1, 5.4, 2.5 x 
10-8 

852.1, 794.8, 
751.5 

13.28 4200 0.003 

4p’(3/2)2 4s 
(3/2)5,2,1 

2.6, 1.2 x 10-7 706.7, 738.4 13.3 7800 0.002 

4p’(3/2)2 4s (1/2)1 4.5 x 10-8 840.8    
4p’(1/2)1 4s (1/2)1 6.5 x 10-8 826.5 13.33 19,000 0.001 
4p’(1/2)1 4s (3/2)2 1.6 x 10-7 696.5 13.33   
4p’(1/2)0 4s’ (3/2)2 1.6 x 10-7 696.5 13.33   
4p’(1/2)0 4s’ (1/2)1 2.2 x 10-8 750.4 13.48 3100 0.004 
3d(1/2)0 forbidden  13.84 2600 0.005 
3d(1/2)1 1S0 allowed 894 13.86 63,000 0.0002 
3d(3/2)2 forbidden  13.9 2800 0.005 
3d(7/2)4 forbidden  13.98 3700 0.004 
3d(7/2)3 forbidden  14.01 8600 0.002 
3d(5/2)2+ 5s(3/2)2 forbidden  14.07 6900 0.002 
5s(3/2)1 allowed  14.09 2700 0.005 
3d(3/2)1 1S0 3.2 x 10-9 86.7 14.3 720 0.019 
4d(1/2)1 allowed  14.71 27,000 0.005 
6s(3/2)1 allowed  14.85 6100 0.002 
4d(3/2)1 allowed  14.86 2400 0.006 
4d’(3/2)1 allowed  15.0 2700 0.006 
6s(1/2)1 allowed  15.02 6600 0.002 
5d(1/2)1 allowed  15.12 20,000 0.001 
7s(3/2)1 allowed  15.185 7000 0.002 
5d(3/2)1 allowed  15.189 3000 0.005 
6d(1/2)1 allowed  15.31 120,000 0.0001 
6d(3/2)1 allowed  15.349 3200 0.005 
5d’(3/2)1 allowed  15.35 180,000 8.53e-5 
7s(1/2)1 4p(3/2)2 1.1 x 10-6 602.5 15.36 130,000 0.0001 
8s(3/2)1 4p(3/2)1 6.7 x 10-6 594.9 15.37 71,000 0.0002 
7d(1/2)1+… allowed  15.66 890 0.018 
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Table IV. Theoretical results for N2=O2=Ar: (0 = 30 eV) for an initial beam energy of 2 keV 

 Excitation energy 
Wi (eV) 

Mean energy per state 
i (eV) 

Mean energy per state 
i (eV) pure gases 

Major allowed    

B3 (N2
+) 18.8 330 310 

b4 (O2
+) 18.2 250 240 

4s(3/2)1 (Ar) 11.62 560 480 
4s’(1/2)1 (Ar) 11.83 140 140 
3d’(3/2)1 (Ar) 14.3 580 720 

Major forbidden    

C3 (N2) 11.00 450 620 
4s(3/2)2 (Ar) 11.55 2200 680 
4s’(1/2)0 (Ar) 11.72 11,500 5600 

 
Table I indicates that roughly one-sixth of the molecular nitrogen ions are born in the B2 

state, making the second positive system (B2 X2) a strong radiator. Moreover, while all 
neutral excited states listed in Table I are metastables (i.e., those below 12.85 eV), roughly three 
times as many ions in total are produced as metastables.  In contrast to other metastables, the 
C3 state has a natural lifetime of only 45 ns, comparable to that of optically allowed states.  The 
C3 state thus radiates strongly at 337 nm, although not as strongly as the B2 ion at 391 nm.   

Similarly, in oxygen (Table II), nearly three-times as many ions are produced as high-
lying excited neutrals.  However, in this case the strongest emission is predicted to be the neutral 
transition, B3  X3.  The production efficiencies for states with excitation energies below 5 
eV are not listed for the reasons given earlier. 

ii. Argon 

 
Argon lacks excited states below 11.55 eV and thus below this energy, elastic collisions 

are the only electron cooling mechanism. However, PLUME does not incorporate elastic 
cooling, and so the electrons never stop traveling if the cutoff energy is less than 11.55 eV. To 
circumvent this problem, the cutoff energy was raised to 11.6 eV, just below the threshold of the 
next excited state. Electrons with energies between 11.55 and 11.6 eV can still produce the 
lowest excited state, and that contribution is estimated to be ~ 5% (as indicated by the asterisk in 
Table III). 

According to Table 3, the brightest argon line in the wavelength range 700 - 970 nm 
occurs at 750.4 nm.  The emission at 104.8 and 106.7 nm is much brighter yet, but those lines lie 
outside the range of the spectrometer used in the experiments.  The energies of those photons 
exceed 11 eV, enough to modify the material’s chemistry and morphology.  

iii. Mixtures (N2=O2=Ar) 

 
To assess the sensitivity of the mean electron energies to gas composition, the code was 

run in a mixture containing equal amounts of argon, oxygen and nitrogen and a cut off energy of 
5 eV. Table IV gives i (eV) for key states. The values of i (eV) in pure gases is shown as 
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reference. Note that the mean energy per state in mixtures changes by less than 20 % for allowed 
states (3d(3/2)1 Ar exception) but by considerably more for the forbidden states.  

e) Metastables 
 

Based on the efficiencies listed in Tables I-IV, ionization consumes nearly half the 
energy deposited by electron beams, with the rest of the energy being spent on the production of 
optically allowed states, forbidden states (metastables), and dissociation. Most metastables have 
long lifetimes, and thus the metastable population can grow to high levels. Metastables have little 
effect on beam-produced plasmas, as long as the ground-state population is not seriously 
depleted.  This requirement was well met in the present experiments, as shown below. 

The mean lifetime of a metastable is given by m = (i
-1 + d

-1 + r
-1+ q

-1)-1, where i is 
the radiative lifetime, d is the diffusion time, r is the residence time in the chamber due to 
pumping, and q is the quenching time. If + is the mean ion lifetime and m is the mean energy 
needed to create a metastable, the population of metastables relative to that of ions is given in 
steady state by Nm/N+ = (0m/m+). This equation applies to any state, and for all states i > 0 
as shown by the tables. For example, consider argon at room temperature and low pressure. In 
that case 0  27 eV, m  140 eV for the major state 4s(1/2)1, and the gas temperature T0  Te/40. 
Diffusion determines the lifetime of both ions and metastables, so that m /+  Da / Dm  Te /T0  
40. Here Da is the ambipolar diffusion coefficient for ions, and Dm is the diffusion coefficient for 
metastables. Thus beam-produced plasmas in argon contain approximately ten times as many 
metastables as ions. The ratio can be even larger in molecular gas like nitrogen, where the 
electron-ion recombination reactions rapidly destroy the molecular ions.  In the experiments 
reported, the ion density was always several orders of magnitude below the neutral density, 
which suggests that the gas remained weakly perturbed. It should be noted that the preceding 
calculation ignores metastables produced by the decay of higher-lying states. Including this 
contribution is simple but messy, and it will not effect the results significantly.   

f) Model validation  
 

The values listed for i in nitrogen and oxygen agree well with those computed by 
Konovalov,36 and similar agreement is seen for much of the emission data, as discussed above. 
Bretagne et al. used the continuous-slowing-down approximation to model beams in argon. This 
approach is less accurate than the Monte Carlo scheme used in PLUME, but the two models 
should yield similar values for i. However, while the values for 0 agree well, the values of i for 
states other than ionization differ by nearly a factor of two. Bretagne's values appear to be in 
error, because they suggest that the lowest mean energy of the plasma electrons is close to 11.55 
eV, whereas in fact it should be roughly half that large. The reason for the error is unknown.  

The mean energy needed to produce an ion has been measured by many researchers, and 
thus it is a convenient test for the code. For nitrogen, the experimental and theoretical values are 
essentially identical at 36 eV. The agreement is almost as good in argon, 27 eV from the code 
versus 26 eV from experiment,37 and the agreement was even better using Hayashi's cross 
sections. In oxygen the code gave 0 = 28 eV as compared with 31 eV from experiment. 
(Konovalov predicted 36 eV.) The discrepancy between PLUME and experiment suggests either 
that the ionization cross section used in PLUME is too large, or that one or more of the inelastic 
cross sections is too small.  
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4. Experimental method  

a) Optical emission spectroscopy measurements 

 
Emission spectra were taken using a wide band, low resolution spectrometer (Ocean 

Optics, HR 2000). The light emitted from the plasma is collected on a spherical mirror and then 
sent to a plane grating. The diffracted light is focused again by a second spherical mirror, and an 
image of the spectrum is projected onto a linear CCD array. Data from the CCD is transferred to 
a computer through an onboard A/D converter and analyzed using SpectraSuite software. The 
wavelength range was from 200 to 1100 nm (6.2 to 1.2 eV). For all experiments, the spectra 
were taken with a constant integration time of 1 second, the recorded data was averaged over 20 
spectra, and the only applied correction was for electrical dark signal. In all cases, the following 
data collection procedure was followed: first a spectrum with no plasma was taken, then at the 
desired plasma conditions a spectrum was acquired, and finally the difference between the two 
spectra was used for analysis. 
 

b) Electron beam plasma system descriptions and operating conditions 

 
The experimental apparatus has been discussed previously38 and is shown in the 

schematic of Figure 4. The system vacuum was maintained by a 250 l/s turbo pump, with a base 
pressure on the order of 5 x 10-6 Torr. The operating pressure was achieved by introducing argon 
(purity > 99.9999 %), nitrogen (purity > 99.99 %) and oxygen (purity > 99.99 %) through mass 
flow controllers and throttling the turbo pump using a manual gate valve. The electron beam was 
produced by applying a 2 kV pulse to a linear hollow cathode for a selected pulse width and duty 
factor. The emergent beam passed through a slot in a grounded anode and was then terminated at 
a second grounded anode located further downstream. The electrode beam volume between the 
two anodes defines the ionization source volume, with the dimensions set by the slot size (1 cm x 
25 cm) and the anode-to-anode length (40 cm).  Beam spreading from collisions with the 
background gas was suppressed by a co-axial magnetic field (150 G) produced by a set of 
external magnetic field coils. In all cases, a stainless-steel stage 10.2 cm in diameter was located 
at 2.5 cm from the edge of the electron beam. In a few cases, polystyrene samples were 
positioned on top of the stage. Because the beam is collimated, few high energy electrons strike 
the stage. The stage was grounded and at room temperature.  
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Figure 4. Schematic of the experimental setup 

 
Optical emission spectra of electron beam generated plasma in different gas 

environments were acquired. Table V summarizes the experimental conditions for pure gases - 
argon, oxygen and nitrogen. The influence of pressure and duty factor on the emission intensity 
was studied experimentally. Table VI presents the experimental conditions for Ar/O2 and Ar/ N2 
mixtures at a constant pressure and duty factor.  
 

Table V. Experimental conditions for pure gases. 
 

Gas Pressure 
(mTorr) 

Duty 
(%) 

Notes 

Argon 35 10  
 50 10 Polymer present 
 50 20  
 50 40  
 75 10  
 90 10  

Nitrogen 35 40  
 50 20  
 50 40 Polymer present 

 70 40  

Oxygen 35 10  
 50 10 Polymer present 
 50 20  
 50 40  
 70 10  

 

Slotted AnodeHollow 
Cathode

Gas 
Feed

Termination anode

Helmholtz Coil Helmholtz Coil

Beam Channel

material

Computer

spectrometer
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Table VI. Experimental conditions in Ar/O2 and Ar/N2 mixtures. Pressure of 50 mTorr and duty 
factor (20 % for Ar/O2 and 40 % for Ar/N2 mixtures) was held constant. 
 

Oxygen/Nitrogen flow 
(sccm) 

Argon flow 
(sccm) 

0 50 

5 45 

15 35 

25 25 

35 15 

45 5 

50 0 

 

5. Experimental results 

a) Emission spectra 

i. Nitrogen  

 
The emission spectrum measured in pure nitrogen at 70 mTorr is shown in Figure 5. 

Excited molecular and singly charged ions, excited nitrogen atoms and molecules were detected. 
A simplified energy diagram is presented in Figure 6.  

 

Figure 5. Emission spectrum in nitrogen at pressure of 70mTorr and 40 % duty factor. 
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The dominant emission was the band emission of the molecular nitrogen ion from the first 

negative system N2
 (B2u

+ X2g
+) with dominant emission line at   = 391.44 nm.  This result 

is in excellent agreement with the theoretical predictions (Table I) and suggests that the direct 
excitation and ionization reaction,  

 

e + N2  (N2
+)* + e, 

 

is dominant for electron beam generated plasmas. Due to the high energy threshold for this 
reaction (Eth = 18.8 eV), high energy electrons are the main contributors to the molecular ions 
production and thus this emission line can be used for electron beam diagnostics.  

Direct excitation of neutrals, 
 

e + N2  N2
* + e, 

 

is the second dominant process. In particular, band emissions from the first-positive (B3g 
A3u

+, Eth = 7.35 eV) and the second-positive (C3uB3g, Eth = 11 eV) systems were detected. 
The threshold levels for excitation are much lower than for the charged species, and thus the 
influence of low energy electrons on their production is more significant. Therefore, these 
emission lines are less useful as a beam diagnostics tool. 
 

 

Figure 6. Simplified energy diagram for excited species in nitrogen. The acronyms FNS, FPS, 
SPS denote first negative, first positive and second positive systems respectively. 

 
Excited singly charged atoms were also detected, with the most likely source being 
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e + N2  (N+)* + N.  
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Because this process requires high threshold energies, only the beam electrons contribute 
significantly. Major transitions include 3p1D2 to 3s1P0

1 ( = 399.5 nm, Eth = 21.6 eV), 3p1P1 to 
3s1P0

1 ( = 648 nm, Eth = 20.4 eV), 3d1F0
3 to 3p1D2 ( = 661 nm, Eth = 23.5 eV), 3p3S0

1 to 3s3P1 

( = 885.5 nm, Eth = 27.7 eV), and from 5s3P0
2 to 4p3P1 ( = 894 nm, Eth = 26.6 eV). However, 

the emission from excited atomic ions was weak compared with that from excited molecular 
ions, IN+(661 nm)  0.12IN2+(391 nm). 

Major emissions for the excited nitrogen atoms included transitions from 3p4S0
3/2 to 

3s4P3/2 ( = 744 nm, Eth = 12 eV), 3p4S0
3/2 to 3s4P5/2 ( = 746.8 nm, Eth = 12 eV), and from 

3p4D0
7/2 to 3s4P5/2 ( = 868.03 nm, Eth = 11.8 eV). This emission arose either through 

dissociation and excitation,  
e + N2   e + N* + N,  

 

or more likely through dissociative recombination, 
 

e + N2
+  N* + N,   

 

of molecular ions with plasma electrons. The peak emission from neutral atoms was less than 
that from neutral molecules, IN(746.9 nm)  0.39IN2(358 nm), and smaller yet compared with the 
emission from molecular ions.  Equally important, virtually all of the N2

+(B2) ions in these 
experiments should have decayed to N2

+(X2) well before recombining with plasma electrons, 
since the natural lifetime of N2

+(B2) is only 66 ns while the rate coefficient for dissociative 
recombination is less than 10-7 cm3/s and ne < 1012 cm-3.   

ii. Oxygen  
 

In oxygen, emissions from excited atoms, molecular ions, and atomic ions (at the highest 
pressure) were detected, as shown in Figure 7. A simplified energy level diagram for the oxygen 
atom, atomic ion, and molecule is shown in Figure 8. The transitions for the most intense lines 
are shown as well. 

 

Figure 7. Emission spectrum in oxygen at a pressure of 70 mTorr and a duty factor of 20 % duty. 
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The emission spectrum shows bands of oxygen molecular ions produced by direct 
excitation and ionization,  

                                         e + O2  (O2
+)* + e. 

 

This emission arose predominantly from the first negative system (b4∑g
- - a4u) ( = 559 nm, 

525 nm) and is in qualitative agreement with the predictions of PLUME. However, the strongest 
emission came from excited neutral atoms and is associated mainly with transitions between 
3p5P-3s5S0 ( = 777.19 nm), 3p3P-3s3S0 ( = 844.67 nm), and 4d5D0-3p5P ( = 615.59 nm). This 
emission presumably arose from dissociative excitation 
 

e + O2
+  O* + O, 

 

a process not included in PLUME.  Since the production of O* depends quadratically on the 
plasma density, the emission from O* is strong only if the plasma density is sufficiently high. 
The emission ratio for O(777 nm)/O2

+(559 nm) thus varies with pressure, equaling 3.9 at p = 70 
mTorr. These results suggest that the emission from O2

+ can be used to infer the rate of beam 
energy deposition in oxygen, while the emission from O* can be used to infer the loss of O2

+ to 
recombination. 
 
 

 

Figure 8. Simplified diagram for excited species in oxygen. The acronym FNS denote first 
negative system. 
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atomic ions, two predominate transitions were detected: 3d4F-3p4D0 ( = 407.59 nm) and 3p4D-
3s4P ( = 464.18 nm). These excited ions are produced by the beam through dissociative 
ionization and excitation, 

e  +  O2  (O+)*  + O.  
 
In these experiments, the intensity ratio O+(464.18 nm)/O2

+(559 nm)  0.12.  

iii. Argon 

 
Emission from excited neutral atoms (Figure 9) was predominant in argon. Some of these 

transitions are shown in the simplified energy level diagram in Figure 10 using Racah, Paschen 
and L-S notations.  The optical emission measured by the spectrometer comes mainly from 
depopulation of the 4p levels via multiple 4p-4s transitions, including 4p(5/2)34s(3/2)2 for  = 
811.5 nm, 4p(3/2)24s(1/2)1,2 for  = 763.5 nm and 922.4 nm, 4p(5/2)24s(3/2)1,2 for  = 801.5 
nm and 842.5 nm, 4p(3/2)14s(3/2)1,2 for  = 810.4 nm and 772.4 nm , 4p(1/2)04s(1/2)1 for 
 = 750.4 nm. Emission from atomic ions was evident only at the highest pressure used, 90 
mTorr. 

 

Figure 9. Emission spectrum in argon at a pressure of 90 mTorr and 10% duty factor. 
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as mentioned before are mainly produced by high energy electrons and thus ideally suited for 
electron beam diagnostics. 

 
 

Figure 10. Simplified energy diagram for excited argon atom transitions. In the literature three 
different notations have been used to describe the same energy levels. For clarity all of them are 
shown - on the left is energy levels classification is based on Racah notation, on the right- on 
Paschen notation (1st column) and L-S notation (2nd column) respectively . 
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b) Effect of processing parameters on emission intensity ratios  

i. Duty factor and pressure 

 
The light detected by the spectrometer comes from electronic states excited by the beam, 

with the excitation rates determined largely by the gas and the beam current and energy. In these 
experiments the gas was the same in the electron gun and in the chamber where the 
measurements were taken, and therefore the beam current depends on the gas composition.  The 
highest current density was measured in oxygen, followed by argon and nitrogen (Figure 11). 
The current density also increased with pressure independent of the gas. Thus with pressure both 
the current and the plasma density increase. These two parameters affect the electron energy 
distribution and density at low energy, thus changing the emission intensities and in some cases 
the line ratios.  For example, in Figure 12b the emission ratios for O/O2

+ increased with 
increasing pressure.  This increase was presumably caused by the increase in plasma density and 
higher rate of dissociative recombination.  In Figure 12c the ratio Ar(811.5 nm)/Ar(750.45 nm) 
increased with pressure as well. However, in this case the increase was most likely caused by 
changes in the electron energy distribution. In nitrogen the line ratios were nearly independent of 
pressure, as shown in Figure 12a. Emission from these lines was thus governed more by the 
high-energy portion of the electron energy distribution.  

Increasing the duty factor of the pulsed electron beam increases the time the beam is on, 
thus increasing the time-averaged emission emitted from a given gas; see Tables VII-IX. 
However, as expected, the duty factor did not significantly affect the relative intensities seen in 
Figure 13. To investigate the influence of a nearby insulator, polystyrene was mounted on a 
stainless-steel stage placed 2.5 cm outside the beam. The stage was positioned opposite the 
spectrometer as illustrated in Figure 4. Results with (+) and without (-) polystyrene are shown in 
Figure 12c. For all four investigated pressures, the intensity ratio decreased when polymer was 
present. The decrease was likely caused by photon absorption within the polystyrene, as 
compared with reflection from the stainless steel.  
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Figure 11. Effect of pressure (a) and duty factor (b) on the current density in argon, nitrogen and 
oxygen. 
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Figure 12. Effect of pressure on the relative intensity ratios in nitrogen (a), oxygen (b) and argon 
(c). For nitrogen (Fig. 12 a) the following wavelengths for the respective excited states were 
used: 746.9 nm (N*), 661.23 nm (N+)*, 391.16 nm (N2

+)*, 357.79 nm (N2)*. The last wavelength 
was chosen because it had the highest intensity in the second positive system band. For oxygen 
(Fig. 12 c), the excited oxygen ion (O2

+) was detected at 559 nm. For argon (Fig. 12 c) the labels 
(-PS) and (+PS) refer to experiments when polystyrene was not present on or present on the stage 
respectively. 
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Table VII. Summary of nitrogen lines intensities. 

 Wavelength,  Experimental conditions 

nm P = 35 mTorr P = 50 mTorr P = 50 mTorr P = 75 mTorr 

 Duty = 40 % Duty = 20 % Duty = 40 % Duty = 40 % 

391.16 (N2
+) 148.23 242.42 415.45 909.83 

427.81 (N2
+) 58.53 96.02 151.6 326.08 

337.13 (N2) 17.43 39.67 54.55 123.38 

357.79 (N2) 32.93 50.67 91.45 200.13 

661.23 (N+) 18.48 28.67 53.35 106.18 

746.9 (N) 14.53 27.32 42.8 78.03 
 

 

Table VIII. Summary of oxygen lines intensities. 

 Wavelength,  Experimental conditions 

nm P = 35 mTorr P = 50 mTorr  P = 50 mTorr  P = 50 mTorr P = 75 mTorr 
 Duty = 10 % Duty = 10 % Duty = 20 % Duty = 40 % Duty = 10 % 

559 (O2+) 110.12 226.44 301.12 462.04 339.38 

525 (O2+) 68.37 130.64 183.27 285.89 205.88 

777.2 (O) 253.67 767.99 931.97 1402.69 1311.08 

844.7 (O) 65.67 198.59 258.07 374.19 360.28 

 

 

Table IX. Summary of argon lines intensities. 

 Wavelength, Experimental conditions 

nm P = 35 mTorr P = 50 mTorr P = 50 mTorr P = 50 mTorr P = 70 mTorr P = 90 mTorr 

Ar I Duty = 10 % Duty = 10 % Duty = 20 % Duty = 40 % Duty = 10 % Duty = 10 % 

811.5 131.91 332.76 641 1143.95 1236.83 2204.84 

763.5 49.56 142.41 282.8 516.35 499.38 857.64 

842.46 44.16 98.66 196.8 378 372.08 640.74 

801.47 33.31 70.26 138.45 249.8 254.98 448.84 

750.45 54.31 94.01 188.4 366.65 260.78 408.34 
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Figure 13. Effect of duty factor on the relative intensity ratios in nitrogen (a), oxygen (b) and 
argon (c). For nitrogen (Fig. 13a) the following wavelengths for the respective excited states 
were used: 746.9 nm (N*), 661.23 nm (N+)*, 391.16 nm (N2

+)*, 357.79 nm (N2)*. The last 
wavelength was chosen because it had the highest intensity in the second positive system band. 
For oxygen (Fig. 13b), the excited oxygen ion (O2

+) was detected at 559 nm. 
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ii. Effect of gas composition 

 
Figure 14 shows the emission spectra in 50/50 mixtures of Ar/N2 and Ar/O2. The major 

lines represent light emitted by excited molecular ions (N2
+, O2

+), molecules (N2), neutrals (Ar, 
O, N), and singly charged ions (N+, O+). In Ar/N2 mixtures the dominant emission is from 
excited molecular nitrogen ions at  = 391.1 nm and excited argon atoms at  = 750.4 nm. 
Strong lines in Ar/O2 mixtures include emission from excited Ar neutrals at  = 750.4 nm, 
oxygen atoms at  = 777.3 nm, and oxygen molecular ions at  = 559.6 nm.  

 

 

Figure 14. Emission spectra in a Ar/N2 (50/50 by flow) (a) and Ar/O2 (50/50 by flow) (b) 
mixtures. 
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Figure 15. Dependence of the relative emission intensity ratios on the gas composition. 
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concentrations between 10 and 90 % and for oxygen concentrations between 30 and 90 %. 
Similarly, the low-energy portion of the electron energy distribution affects the nitrogen 
metastable N2(C

3) more than the ion N2
+(B2), and therefore the ratio N2(337.1 nm)/N2

+(391.4 
nm) again fell with increasing nitrogen concentration in Figure 15a. The ratio O(777 
nm)/O2

+(559 nm) has a more complicated dependence on oxygen concentration in Figure 15b, 
presumably because of the interplay between changes in the electron energy distribution and the 
production of O* through recombination.  The relative emission intensities of different lines in 
Ar/N2 and Ar/O2 mixtures are summarized in Tables X and XI respectively. 

 
 

Table X. Summary of Ar/N2 lines intensities (P = 50 mTorr, duty = 40 %). 

 

 Wavelength,  Experimental conditions(N2/Ar flow ratios) 

nm 5/45 15/35 25/25 35/15 45/5 
      

811.5 (Ar) 242.71 158.75 101.52 64.17 24.44 

750.4 (Ar) 327.26 237.3 187.62 133.12 43.64 

391.16 (N2+) 40.21 115.85 178.17 278.97 232.79 

427.81 (N2+) 26.61 55.25 66.32 109.97 90.89 

337.13 (N2) 63.56 73.45 74.12 75.42 32.14 

357.79 (N2) 56.91 67.55 78.52 67.02 44.34 

661.23 (N+) 35.06 38.8 36.92 41.87 32.79 

746.9 (N) 18.31 26.5 29.97 33.07 22.34 

 

Table XI. Summary of Ar/O2 lines intensities (P = 50 mTorr, duty = 20 %). 

 Wavelength,  Experimental conditions (O2/Ar flow ratios) 

nm 5/45 15/35 25/25 35/15 45/5 
      

811.5 (Ar) 335.56 272.46 280.9 279.97 189.48 

750.4 (Ar) 324.21 393.41 414.65 412.07 275.08 

559 (O2+) 6.86 29.16 55 97.57 171.63 

525 (O2+) 7.46 24.41 42.1 85.22 133.73 

777.2 (O) 38.61 65.21 131 279.57 586.83 

844.7 (O) 10.71 18.06 32.5 83.32 161.13 
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6. Comparison with other experiments  

 
Optical emission spectroscopy has been applied for electron beam-generated plasma 

characterization at different gas environments. For example, Davidson and O'Neil39  measured 
the light emitted by a 50-keV beam propagating in 600 torr of nitrogen and air. The brightest 
emission occurred at 391.4, 337.1, and 357.7 nm, where the latter two lines are part of the same 
band. However, because quenching strongly influences the emission at high pressure, Mitchell40 
measured the fluorescent efficiency for the dominant lines as a function of pressure. Quenching 
is weak at low pressure, and there the efficiencies approached 0.66% at 391.4 nm and 0.26% at 
337.1 nm. These values correspond to mean energies of 480 and 1140 eV, respectfully. The ratio 
of these two values is close to that predicted by the code, but the absolute values are 50-80% 
larger. However, PLUME lumps all vibrational and rotational levels of a given electronic state 
together, even though the levels radiate at different frequencies. Therefore the mean energy for a 
given line within a band exceeds the mean energy for the band as a whole. Furthermore, 
experimental values typically vary by a factor of two,41 similar to the uncertainty in the cross 
sections. Given these considerations, theory and experiment agree well for nitrogen.  

Pu et al.42, 43 applied optical emission spectroscopy to characterize electron beam-
generated plasmas in argon and nitrogen. The obtained emission spectra in both gases agree very 
well with our data. The most intense line in argon and nitrogen are the 811 nm and 391 nm 
respectively. Furthermore, they applied collisional-radiative model and line-ratio method to 
estimate plasma and species densities and electron temperature. This will be subject of future 
work. 

Attempts to compare our results with optical emission spectra obtained in discharges 
were made as well. However, given the difference in plasma generation, electron kinetics, 
metastable production etc., different OES spectra are expected.44, 45 Furthermore, while some of 
the spectral differences are general in nature, others pertain to differences in condition. For 
example, the state of the gas in the discharges differed notably from that in our beam-produced-
plasmas, even when the gas pressures and compositions were comparable. This is evident from 
estimates of the gas and vibrational temperatures and the degree of gas dissociation, excitation 
and ionization.  The spectra should thus differ on that basis alone. Some of the fundamental 
differences between discharges and electron beam-generated plasmas are highlighted below.  

When a high energy electron beam is applied to a gas, it ionizes, dissociates and excites 
the gas. No additional electric field is applied to keep the electrons hot, so they quickly lose their 
energy.  The average electron energy is therefore low, usually less than 1 eV.  In discharges, an 
external electric field is applied to heat the electrons, which in turn excite, dissociate and ionize 
the gas. In discharges the mean electron energy typically lies between 2 and 10 eV. In both cases 
the excitation, ionization and gas dissociation processes can be characterized in terms of the 
mean energy i needed to create a given state. The mean energies are nearly  constant for high 
energy beams28 (> 1 kV) but not for discharges. For example, the electron energy 0 needed to 
create an electron–ion pair is 36 eV in nitrogen and 28 eV in oxygen. These values are slightly 
more than twice the ground state ionization energies, and thus approximately half of the beam 
energy is spent on ionization. Moreover, the mean energy is approximately 30 eV in all gases, 
independent of beam current and energy. In discharges, the mean energy varies strongly with the 
gas and plasma parameters, and often exceeds 1 keV. Thus the ionization efficiency is usually 
small (< 1 %), and most of the electron energy instead is spent on gas excitation and dissociation.   
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Furthermore, electron beam-generated plasmas and discharges produce different populations of 
excited species, and to demonstrate this let us compare results from several theoretical 
calculations.  Ferreira et al.46 determined that in argon, most of the power from a discharge is 
spent on producing metastables (as high as 40 %), followed by resonant states and elastic 
collisions; ionization becomes dominant only at very high field strengths.  By contrast, electron 
beam-generated plasmas produce mostly ions, with roughly one metastable for every 11 ions47. 
Similarly, Slinker et. al.48 computed the production efficiencies for both the primary (beam) 
electrons and the secondary low energy electrons created by ionization for electron beams 
propagating in nitrogen. The production efficiencies were computed for direct and dissociative 
ionization, inner shell processes, vibrational, triplet and singlet excitation and dissociation 
reactions. Those results again indicate that most of energy deposited by the beam electrons goes 
into ionization, with smaller amounts going into dissociation and excitation. The low energy 
electrons, by contrast, favor excitation. Of the 36 eV spent per electron-ion pair, 20.1 eV was 
spent on ionization, 13.3 eV was spent on producing N2

+, and 6.8 eV on N+.  Production of N 
takes 6.69 eV. Excited species require an additional 7.78 eV, triplet states (3.83 eV), vibrational 
states (2.62 eV) and singlets (1.33 eV). The contributions of inner-shell processes (1.1 eV) and 
rotational excitation (0.41 eV) are negligible. Slinker et. al. also computed the deposition fraction 
of heat, rotational, vibrational, triplet and singlet excitations, dissociation and ionization 
reactions in nitrogen swarms as a function of the reduced electric field (E/N). At E/N < 10-15 
Vcm2 vibrational excitation is the dominant mechanism, followed by triplet, singlet and, 
rotational excitation. At E/N > 10-15 Vcm2 triplet excitation is dominant, followed by singlet 
excitation, dissociation and ionization reactions.28  

7. Conclusions  

 
In this study optical emission spectroscopy was applied for characterization of electron 

beam-generated plasmas. The OES spectra provided information about the beam, the gas 
composition, and the electron kinetics, i.e. how quickly excited states have been generated and 
destroyed. Because most of the light is produced by the beam, OES spectra cannot be used 
directly for estimation of the electron temperature. However, when lines that come from one or 
more high-lying, optically allowed states with large cross section and short lifetimes are used, 
OES can be used as a beam diagnostic. Gas quenching and photon re-absorption should be weak 
as well. In conjunction with Abel inversion, OES can in principle be used to determine not only 
the species being generated but also the rate at which the beam deposits energy in the gas and 
thus the beam current density.  The particular results based on the emission produced by electron 
beams in pure argon, nitrogen, oxygen, and Ar/N2 and Ar/O2 mixtures can be summarized as 
follows: 

 
(1) In nitrogen, the dominant line (391.16 nm) came from an excited molecular ion. In 

oxygen, molecular ions were detected but the dominant emission (777.2 nm) came from 
an excited atom, presumably produced through dissociative recombination of plasma 
electrons with O2

+. Argon ion lines were weak or nonexistent, but the brightest line 
(above 200 nm) came from an excited neutral at 811.5 nm. 

(2) The effects of pressure, duty factor and presence of an insulator on the emission were 
analyzed as well. In the pulsed electron beam-produced plasmas studied here, 
independent control over beam current and pressure is not possible. Increasing the duty 
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factor increased the intensities but not the intensity ratios, as expected.  However, with 
increasing gas pressure, the gas density, beam current, and plasma density all increase, 
and the emission ratios were then no longer constant. The presence of an insulator 
reduced the intensities, an effect attributed to different photon absorption coefficients in 
steel versus polystyrene.  

(3) The best agreement between experiment and theory was obtained in pure nitrogen and 
Ar/N2 mixtures. The use of the emission line at 391 nm as a beam diagnostic was clearly 
demonstrated. The agreement was slightly worse in argon, oxygen, and Ar/O2 mixtures.  
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10. Appendix 

 

a) Optical emission spectra  
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Figure 8-1. OES spectra in pulsed electron beam-generated plasma in argon as a function of 
pressure (10 % duty) 
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Figure 8-2. OES spectra in pulsed electron beam-generated plasma in argon as a function of duty 
(p = 50 mTorr) 
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Figure 8-3. OES spectra in pulsed electron beam-generated plasma in argon as a function of 
pressure when polystyrene is present in the chamber (10 % duty factor). It should be noted that 
the overall emission intensity is reduced and the intensity of the singly charged excited argon 
ions are reduced to noise levels. 
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Figure 8-4. OES spectra in pulsed electron beam-generated plasma in oxygen as a function of 
pressure.  
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Figure 8-5. OES spectra in pulsed electron beam-generated plasma in oxygen as a function of 
duty factor.  
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Figure 8-6. OES spectra in pulsed electron beam-generated plasma in oxygen with polystyrene 
present in the chamber (duty factor 10 %).  
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Figure 8-7. OES spectra in pulsed electron beam-generated plasma in nitrogen as a function of 
pressure. 
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Figure 8-8. OES spectra in pulsed electron beam-generated plasma in nitrogen as a function of 
duty factor. 
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Figure 8-9. OES spectra in pulsed electron beam-generated plasma in nitrogen with polystyrene 
present in the chamber. 
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Figure 8-10. OES spectra in pulsed electron beam-generated plasma in Ar/O2 mixtures at p = 50 
mTorr and 20 % duty factor.  
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Figure 8-11. OES spectra in pulsed electron beam-generated plasma in Ar/N2 mixtures at p = 50 
mTorr and 40 % duty factor.  
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b) Used cross sections for argon, nitrogen and oxygen in PLUME 

 

i. Argon 

 
The plotted cross sections for argon are from Bretagne. 
 

 
 
Figure 8-12. Ionization cross section  
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Figure 8-13. Major allowed (A) and forbidden (F) states in argon. 
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Figure 8-14. Forbidden (F) states in argon. Energy levels 12.906-13.152 eV.  
 
 
 
 

 
 
 
 
Figure 8-15. Forbidden (F) states in argon. Energy levels 13.171-13.277 eV.  
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Figure 8-16. Forbidden (F) states in argon. Energy levels 13.479-13.979 eV. 
 
 
 
 

 
 
Figure 8-17. Allowed (A) states in argon. Energy levels 13.863-14.303 eV. 
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Figure 8-18. Forbidden (F) states in argon. Energy levels 14.012-14.24 eV. 
 
 
 
 

 
 
Figure 8-19. Allowed (A) states in argon. Energy levels 14.710-15.003 eV. 
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Figure 8-20. Allowed (A) states in argon. Energy levels 15.021-15.189 eV. 
 
 
 
 

 
 

Figure 8-21. Allowed states in argon. Energy levels 15.307-15.660 eV. 
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Figure 8-22. Elastic collisions cross section in argon. 
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ii. Nitrogen 

 

 
 
Figure 8-23. Ionization cross sections in nitrogen. Eth denotes threshold energy of the state. 
 
 
 
 

 
 
Figure 8-24. Dissociative ionization cross sections in nitrogen.  
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Figure 8-25. Extension for electron impact excitation cross sections for A3, B3, C3, W3∆ as 
calculated by PLUME. 
 
 
 
 

 
 
Figure 8-26. Extension for electron impact excitation cross sections for B3u

- as calculated by 
PLUME. 
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Figure 8-27. Extension for electron impact excitation cross sections for a1u, a1u

-, w∆ and 
a1u

+ as calculated by PLUME. 
 
 
 
 

 
 
Figure 8-28. Electron impact excitation cross sections of rotational levels. 
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Figure 8-29. Electron impact excitation of the first ground state vibrational level. 
 
 
 
 

 
 
Figure 8-30. Electron impact excitation of the vibrational levels 2 - 4. 
 



54 
 

 
 
Figure 8-31. Electron impact excitation of the vibrational levels 5 - 8. 
 
 
 
 

 
 

Figure 8-32. Dissociation cross sections. DS 1-DS 3 corresponds to the contribution of the triplet 
states. DS4 is the contribution of a1 state, which amounts to the 18 % of the total cross section. 
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Figure 8-33. Dissociation cross sections. DS 5 corresponds to the contribution of the b1 family 
of states. DS 6 is the peak observed at 15.8 eV. DS 7 is associated with a state at 17.3 eV. DS 8 
is for c1 states. 
 
 
 
 
 

 
 

Figure 8-34. Dissociation cross sections. DS 9 corresponds to the b1u states, DS 10 to the 
Rydberg states, and DS 11 to the UV emitting states.  
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Figure 8-35. Extensions for the dissociation cross sections for DS5 – DS 11 as calculated by 
PLUME.  
 
 
 
 

 
 

Figure 8-36. Cross sections for elastic collisions. 
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iii. Oxygen 

 

 
 
 

Figure 8-37. Oxygen ionization cross sections. Threshold energies for O2
+(X), O2

+(a), O2
+(A), 

O2
+(b) are 12.06 eV, 16.1 eV, 16.9 eV and 18.2 eV respectively. 

 
 
 
 

 
 

Figure 8-38. Dissociative ionization cross section. 
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Figure 8-39. Electron impact excitation cross sections for ground state vibrational levels of O2. 
 
 
 

 

 
 

Figure 8-40. Cross section for electron impact excitation of oxygen. COMB denotes 
A3+C3∆+C1. 
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Figure 8-41. Cross section for electron impact excitation of oxygen as calculated by PLUME. 
COMB denotes A3+C3∆+C1. 
 
 
 
 

 
 
Figure 8-42. Extensions for Rydberg state cross section for electron impact excitation of oxygen.  
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Figure 8-43. Dissociative attachment cross section. 
 
 
 
 

 
 
Figure 8-44. Elastic collisions cross sections. 
 
 
 

 




